ABSTRACT Quartz±sillimanite segregations, quartz±albite lithologies (Ab 95±98 ), and Kiruna-type low-Ti iron-oxide deposits are associated with late-to post-tectonic (c. Field relations document that quartz±sillimanite veins and nodules cut, and therefore post-date, emplacement of host LMG leucogranites. Veins occur in oriented fracture networks, and aligned trains of nodules are interpreted as disrupted early veins. Late dykes of leucogranite cut veins and nodules demonstrating formation prior to terminal magmatism. Veins and nodules consist of sillimanite surrounded by quartz that commonly embays wall-rock feldspar indicating leaching of Na and K from LMG feldspar by acidic hydrothermal¯uids. Subsequent, and repeated, ductile¯ow disrupted earlier veins into nodular fragments but produced little grain shape fabric.
INTRODUCTION
The origins of quartz±sillimanite segregations have long been enigmatic. Losert (1968) summarised 15 different genetic models ranging from metamorphic recrystallization to hydrothermal and metasomatic processes. Vernon (1979) , following investigations by Hemley & Jones (1964) and Wintsch (1975) , attributed the formation of sillimanite in high-grade metamorphic rocks of the Cooma Complex, Australia to alkali leaching by acidic hydrothermal¯uids. Later, Vernon et al. (1989) extended this hydrothermal leaching model to account for the origin of andalusite and sillimanite in the contact metamorphic aureole of the Kentucky stock in New South Wales, Australia. More recently, Nabelek (1997) investigated quartz±sillimanite segregations in high-grade aureoles of granitic plutons in the Black Hills, South Dakota and concluded that they represent partially crystallized granitic anatectites depleted in alkali elements by acidic hydrothermal uids at temperatures on the order of c. 650 uC. In the present paper, we provide evidence that quartz± sillimanite veins and nodules in the Adirondack Mountains (Figs 1 & 2) resulted from alkali leaching by acidic hydrothermal¯uids.
Controversy also surrounds the origin of low-Ti iron oxide deposits of the Kiruna-or Olympic Dam-type characterized by elevated concentrations of rare earth elements (REE), uranium, gold and copper and low sulphur. Hitzman et al. (1992) , Battles & Barton (1995) and Barton & Johnston (1996) have summarized the characteristics of these deposits and have presented compelling arguments for a hydrothermal origin. Kiruna-type deposits are commonly associated with pluton-related sodic alteration, including albitic rocks, interpreted to be the result of metasomatic replacement by hydrothermal¯uids rich in Na and Cl. The alteration can cover a wide area (Battles & Barton, 1995; Fox & Miller, 1990) and may include lesser amounts of Ca±Na alteration (Carten, 1986) . The¯uids involved are thought to have been brines containing signi®cant evaporatic components due either to surface processes or to groundwater interaction with evaporitic horizons. Similar Kiruna-type Fe-oxide deposits associated with sodic alteration features are present in the Adirondacks (Foose & McLelland, 1995) . Here we present evidence for their origin via pluton-related hydrothermal systems of the sort discussed by Hitzman et al. (1992) and Barton & Johnson, 1996 .
GEOLOGICAL SETTING
The Adirondack Mountains, which constitute a south-western outlier of the Grenville Province (Fig. 1) , are topographically divided into Highland and Lowland sectors separated by the Carthage±Colton Mylonite Zone (Fig. 2) . The region has experienced multiple metamorphic and intrusive events and large-scale ductile structures are common (McLelland, 1984) . U±Pb zircon geochronology Wasteneys et al., 1999) indicates that the oldest igneous rocks exposed are c. 1350±1300 Ma tonalites in the Highlands (Fig. 2 ) and c. 1200 Ma granodioritic units (Fig. 2) in the Lowlands. These were followed by granitic magmatism and metamorphism assigned to the latest phase (c. 1172 Ma) of the Elzevirian Orogeny (Fig. 2) . From c. 1170±1130 Ma the entire region was intruded by magmas of the anorthosite±charnockite±mangerite± granite (AMCG) suite (Fig. 2) . The next major events comprise the emplacement of granite (c. 1095 Ma) followed by¯uid-absent granulite facies conditions in the Highlands (T c. 650 to 800 uC, P c. 6±8 kbar, Bohlen et al., 1985; Valley et al., 1990) and widespread recumbent, isoclinal folding with intense penetrative fabrics. These events are assigned to the collisional Ottawan Orogeny (c. 1090±1030 Ma), evidence of which occurs throughout the Grenville Province (Rivers, 1997) . Towards the end of this major orogenic event much of the Adirondack region was intruded by late-to post-tectonic leucogranites (c. 1055 Ma, Fig. 2 ) belonging to the Lyon Mountain Granitic Gneiss (LMG) and thought to be related to rapid uplift associated with delamination and extensional collapse of the Ottawan orogen (McLelland et al., 2001) . The processes and features considered in this investigation are concerned primarily with these leucogranites and associated features including Kiruna-type low-Ti Fe-oxide deposits. Postel (1952) and Whitney & Olmsted (1988 described the principal units of the LMG as follows, with estimated area Fig. 2 . Generalized geological/chronological map of the Adirondack Mountains divided into panels (a) and (b) for clarity. Units designated by patterns in the legend consist of igneous rocks dated by U±Pb zircon and discussed in the text. Lyon Mountain Gneiss (LMG) corresponds to the horizontally ruled area of c. 1055 Ma bedrock. An LMG occurrence of unknown extent outcrops near Port Leyden at Lyonsdale Falls and Agers Falls (F) and constitutes part of this investigation. Unpatterned areas are underlain by metasediments, undated orthogneiss, or are covered by glacial overburden. D ± Dannemora, F ± Agers Falls and Lyonsdale Falls, G ± Grasshopper Hill, H ± Highlands, L ± Lowlands, M ± Lyon Mountain Mine, S ± Skiff Mountain, SLR ± St. Lawrence River, AMCG ± anorthosite±mangerite±charnockite±granite suite, CCMZ ± Carthage±Colton Mylonite Zone, MM ± Marcy anorthosite massif. Fig. 1 . Generalized location map of the Adirondacks as a south-western extension of the Canadian Grenville Province whose three major tectonic divisions (Rivers, 1997) are identi®ed in the legend. ABT ± Allochthonous Boundary Thrust; GFTZ ± Grenville Front Tectonic Zone; GT ± Gagnon Terrane; LJT ± Lac Joseph Terrane; MLT ± Melville Lake Terrane; TLB ± Trans-Labrador Batholith.
of distribution in parentheses and analyses are given in Table 1 : quartz±microperthite leucogranite (45%), quartz±albite leucogranite (20%), quartz±microcline leucogranite (10%), and microantiperthite granite (25%). A ma®c acmitic pyroxene±albite sub-unit and small plutons of fayalite granite make up <1% of the LMG. The dominant quartz±microperthite sub-unit consists of pink leucogranite generally lacking ferromagnesian phases except for magnetite. Commonly, quartz±microperthite and microcline granite sub-units are characterized by equigranular, aplitic texture with little, if any, grain-shape fabric. This is in marked contrast to the pronounced Ottawan penetrative grain-shape fabric that characterizes most Adirondack granitoids (McLelland, 1984; McLelland et al., 1996 McLelland et al., , 2001 . Notwithstanding, the LMG did experience late upright to overturned folding, and weak to moderate deformational fabrics have developed locally. These observations led Foose & McLelland (1995) and McLelland et al. (1996) to interpret leucogranitic sub-units of the LMG as a series of late-to post-tectonic intrusions of the sort discussed by Turner et al. (1992) . This interpretation is consistent with recent geochronological investigations of the LMG (Chiarenzelli & McLelland, 1991; McLelland et al., 2001) showing it to be characterized by cored, euhedral zircon with thick mantles exhibiting ®ne-scale oscillatory zoning indicative of magmatic growth (Vavra, 1990; Vavra et al., 1996; Mezger & Krogstad, 1997) . U±Pb dating of the mantles demonstrate that the LMG magmas crystallized at c. 1055±1035 Ma, an age coincident with the waning phases of granulite facies metamorphism in the Adirondacks. This result differs from that of Whitney & Olmsted (1988) who argued that the LMG consists of recrystallized, high-grade equivalents of sur®cially altered acidic volcanics. However, their interpretation is inconsistent with the previously cited modern geochronology that requires an intrusive origin for the leucogranitic sub-units of the LMG, as originally proposed by Buddington (1939) , Buddington & Leonard (1962) and Postel (1952) , among others.
Two unusual sub-units of the LMG constitute the focus of this paper. The ®rst consists of quartz±sillimanite veins and nodules, examples of which are exposed in the bed of the Moose River at Lyonsdale Falls and Agers Falls near Port Leyden in the western Adirondack Highlands (F on Fig. 2) , as well as a smaller occurrence at Grasshopper Hill (G on Fig. 2 ) in the eastern Highlands. The second is the widespread quartz±albite sub-unit that represents c. 20% of the LMG and which is closely associated with the low-Ti Fe-oxide deposits of the Adirondacks. Here we propose that the quartz± sillimanite features are the result of alkali leaching (Hemley & Jones, 1964; Hemley et al., 1980) by acidic, largely magmatic¯uids (Giggenbach, 1997; Fournier, 1999) . The quartz±albite and magnetite deposits are interpreted to be the result of alteration and metasomatism related to regionally extensive pluton-driven circulation cells involving a signi®cant basinal brine component leading to processes similar to those described by Barton & Johnson, 1996) and Battles & Barton (1995) .
QUARTZ±SILLIMANITE VEINS AND NODULES
Quartz±sillimanite veins and nodules occur locally in a variety of Adirondack rock types, but are most common in the quartz±microperthite sub-unit of the LMG. Representative occurrences from Lyonsdale Falls and Agers Falls (F on Fig. 2 ) are shown in Fig. 3 (a)±(d). Concentrations of veins and nodules vary from dense ( Fig. 3a) to widely spaced (Fig. 3c) and are characterized by preferred orientations of N50E and N20E (Fig. 3a, b) , but a few late N±S and E±W veins are also present (Fig. 3c) . The N50E segregations most commonly occur in aligned trains of ellipsoidal nodules and are cut by other, and therefore younger, sets of veins and nodules (Fig. 3a±c) . The N20E segregations occur as both veins (Fig. 3a) and large, blocky nodules ( Fig. 3b ) aligned in trains and with terminations that commonly can be`®t' back together. The N20E features cut not only the N50E nodules but also calcsilicate schleiren in the granite (Fig. 3b) . These repeated observations of crosscutting relationships rule out xenolithic or pre-granitic precursors for the veins and nodules and establish a fracture-related origin that post-dates emplacement of the granite in which they occur. Two successive sets of fractures served as sites for early quartz±sillimanite veins with each set followed by a period of ductile deformation and disruption of the veins into nodular boudins (N50E, N20E). Late veins (E±W, N±S) escaped signi®cant deformation (Fig. 3c ). This sequence of events occurred prior to cessation of the LMG magmatism, as documented by the relationships shown in Fig. 3(d) . Here the swarm of disrupted N20E nodules belonging to the same crosscutting set shown in Fig. 3(b) is cut by a N35W compound dyke of leucogranite cored by a slightly deformed, coeval pegmatite. The compound dyke occupies a sinistral shear zone within which initially blocky nodules are drawn out and elongated in a highly ductile fashion consistent with very high temperature deformation. The leucogranite dyke contains no quartz±sillimanite veins or nodules and post-dates these features. However, it is compositionally identical (AFEQ , Table 2 ) to the crosscut, nodule-bearing granite (PL-3±98, AF95, Table 2 ) and most likely represents a late pulse from the same magma reservoir. Geochronology supports an abbreviated evolutionary time frame and closely related origin for all of these rocks. Single grain TIMS dating of zircon in the nodule-bearing granite yields a U±Pb age of 1035¡4 Ma, while N35W pegmatites post-dating the granite have been dated at 1034¡8 Ma (Orrell & McLelland, 1996) . Thus, the entire history of the quartz±sillimanite vein and nodule system shown in Fig. 3 (a)±(d) must fall into the narrow time interval encompassing the magmatic history of the leucogranite and pegmatites. Figure 4 shows the typical con®guration of quartz± sillimanite veins or nodules in thin section, especially the concentration of sillimanite towards the centre of the nodule and quartz towards the margin suggesting sequential crystallization. It is common for wall rock perthite to exhibit embayment by vein or nodule quartz, consistent with replacement. In cases where the veins transect calcsilicate layers, sillimanite remains present in its central con®guration indicating that alumina was not derived from the immediate wall rock and must have been transported for, at least, short distances.
QUARTZ±ALBITE SUB-UNIT OF THE LYON MOUNTAIN GNEISS
This distinctive sub-unit is present in most areas where the LMG occurs (Postel, 1952; Whitney & Olmsted, 1988 McLelland et al., 2001) . Although representing only c. 20% of the LMG, it is of considerable importance because of its unusual composition and its common, but not invariable, association with low-Ti Fe-oxide deposits (Postel, 1952) . These pink to grey, equigranular, medium grained rocks consist of quartz and tabular to equant grains of well-twinned albite. Few ma®c phases are present, but acmitic pyroxene and/or sodic hornblende are common accessories. Petrographically, this sub-unit exhibits little deformational fabric thus providing evidence for a late-to post-tectonic origin. Locally, grain-shape fabric and foliations are present ± especially on discrete surfaces ± and are related to late folding that is common in the LMG.
The quartz±albite sub-unit is suf®ciently sodic (Ab 95±98 , Tables 1, 2) that in the normative Or±Ab± SiO 2 system most samples plot close to, or even on, the Ab±SiO 2 leg. Given this, Whitney & Olmsted (1988 ) concluded that it is not possible to devise a plausible igneous origin for this sub-unit. Accordingly, they proposed that the quartz±albite lithology represents the high-grade equivalent of ash-¯ow tuffs that experienced extensive pre-metamorphic analcitic alteration under subaereal sur®cial conditions. This otherwise attractive interpretation is incompatible with petrographic and geochronological data indicating that the quartz±albite rocks formed through hydrothermal, metasomatic replacement of the LMG microperthite by albite during the waning stages of the Ottawan Orogeny.
LMG quartz±microperthite and quartz±albite exposures were examined along the south-west slope of Skiff Mountain in the east-central Adirondack Highlands (S on Fig. 2 ). Exposures dip c. 45 uN and include an old magnetite working where a metre-thick pillar of magnetite±apatite ore rests on a footwall of quartz± albite rock and supports a hanging wall that consists of leucograniticthe LMG, but with a greater albite component than usual. Farther up the hillside, normal quartz±microperthitethe LMG is exposed for several (Table 2 ). Pencil=15 cm, hammer=45 cm.
hundreds of metres except for a small reoccurrence of magnetite and quartz±albite rock at locality SKU-8 (Table 2) . In order to investigate these changes, samples were collected across strike at intervals of c. 10±15 m, or less where changes appeared to be rapid. Whole rock analyses (Table 2) were obtained by standard XRF procedures using an automated Philips PW 2404 X-ray¯uorescent spectrometer at Colgate University. A strong negative correlation exists between Na 2 O and K 2 O, with the former enriched in proximity to magnetite ore horizons (Fig. 5) . Note the strong upward spike in Na 2 O, and related drop in K 2 O, in proximity to the small reoccurrence of magnetite at locality SKU-8. Linear regression of these data yields results (K 2 O=1.63Na 2 O+10.67, R 2 =0.98) consistent with a replacement origin (see also Whitney & Olmsted, 1988; Fig. 4) . Increase in rock Na 2 O is linked to progressive replacement of original microperthite in the leucogranite by albite that exhibits diagnostic checkerboard patterns and ultimately produces quartz±albite rocks (Fig. 6a±d ). These observations indicate that the quartz±microperthite sub-unit is older than the quartz± albite sub-unit and that the latter is the result of albitization (sodic metasomatism) of the former. Incompletely replaced microperthite rocks constitute the microantiperthite sub-unit of the LMG (Postel, 1952) . All of these features are similar to those reported from other Kiruna-type Fe-oxide deposits (Fox & Miller, 1990; Hitzman et al., 1992; Battles & Barton, 1995; Barton & Johnson, 1996) .
It is important to note that the quartz±albite sub-unit contains igneous zircon dated at 1055¡10 Ma corresponding in age to other sub-units of the LMG (McLelland et al., 2001) . These zircons are interpreted as residual, unreplaced grains that survived from the original quartz±microperthite sub-unit. Although mottled in appearance, they exhibit the same characteristically magmatic (Vavra, 1990; Vavra et al., 1996; Mezger & Krogstad, 1997) euhedral forms and traces of oscillatory zoning that are present in the quartz±microperthite sub-unit (McLelland et al., 2001) .
The quartz±albite and microantiperthite sub-units account for c. 45% of the areal distribution of the LMG. Therefore, sodic metasomatism and hydrothermal activity in the LMG are major factors in its petrogenesis and in that of associated Fe-oxide ores. Given the widespread occurrence of LMG in the Adirondack Highlands, the quantity of hydrothermal uids involved must have been large.
MAGNETITE DEPOSITS AT LYON MOUNTAIN MINE
Magnetite mines at Lyon Mountain in the northeastern Adirondacks (M on Fig. 2 ) were major producers of ore until 1968. One large open pit (50±60 m wide and several hundred metres long) belonging to the Chateaugay Mine (Postel, 1952 ) is still accessible. The pit is located on one limb of a The dominant lithology of the pit consists of quartz± microperthitethe LMG represented by two facies, the ®rst of which is normal leucogranite (G on Fig. 7) , while the second is a darker, magnetite-rich variety that tends to be syenitic in bulk composition (S on Fig. 7 ) and is associated with ore horizons (O on Fig. 7) . Minor calcsilicate skarn is also present. The ore occurs both as continuous and discontinuous anastamosing, centimetre-to metre-scale layers that exhibit a variety of orientations and locally transgressive relationships suggesting that they post-date the syenitic host rock. The normal, and dominant, leucogranitic facies (G on Fig. 7 ) unequivocally crosscuts the syenitic facies and ore horizons demonstrating that it post-dates both and that the transected mineralization took place prior to the cessation of granitic magmatism. These relationships are consistent with a high temperature hydrothermal history for the ores and make a stratiform origin unlikely. This is also indicated by microscopic ore-syenite relationships (Fig. 8 ) in which magnetite occupies fractures within the syenitic facies, and these fractures transect already existing grains of perthitic feldspar. In addition, much of the magnetite occurs in narrow, delicate interstices in a manner consistent with hydrothermal transport and appears to replace feldspar, especially along curved contacts (Fig. 8) .
Although an origin via recrystallization cannot be ruled out, the size and volume of these features are more consistent with a hydrothermal origin. Also the magnetite is closely associated with acmitic pyroxene (A on Fig. 8 ) that commonly occurs in other hydrothermal units, e.g. quartz±albite and ma®c±albite sub-units. Large volumes of ore-related quartz±albite rocks were reported in now inaccessible underground workings (Postel, 1952) but are not exposed at the surface.
Elsewhere within the Adirondacks Buddington & Leonard (1962) demonstrated that low-Ti magnetite± hematite ore horizons at Benson Mines (Fig. 2) crosscut host rocks and must be of hydrothermal origin. They also reported that most magnetite deposits in the north-western Highlands exhibit local transgression and post-date intense folding (Leonard & Buddington, 1964) . Buddington (1965) extended these conclusions to other low-Ti iron-oxide deposits throughout the Adirondacks, the Hudson Highlands and northern New Jersey interpreting them all as hydrothermal in origin.
OXYGEN ISOTOPES
A total of 47 discrete hand samples from the Lyon Mountain mine, Skiff Mountain mine, the Port Leyden area and Grasshopper Hill were analyzed for oxygen isotope compositions using a CO 2 laser extraction system designed after Sharp (1990) . Mineral separates and/ or whole rock powders were analyzed for each sample and the data are reported in Table 3 . Whole rock powders were made from representative splits of coarsely crushed material using a tungsten carbide ball mill. Mineral separates were hand picked from c. 2 cm 3 volumes of crushed material taken from thin section chips or slabs. From nine samples, multiple, distinct c. 2 cm 3 volumes were extracted, and mineral separates were picked from each subvolume. For example, from sample LM96-0, four distinct subvolumes, LM96-0-1, -2, -3 and -4 were extracted and analyzed for d 18 O (Table 3 ). In distinction, replicate analyses were conducted on splits from the initial 2±4 mg batch picked by hand from crushed c. 2 cm 3 volumes and they are listed parenthetically in Table 3 . Thus, replicates' are not necessarily a re¯ection of analytical precision, as isotopic homogeneity of material handpicked from a typical sub-volume cannot be guaranteed.
Samples of c. 0.2±1 mg were loaded into individual 2 mm diameter wells in a solid nickel sample holder and heated in the presence of BrF 5 with a 20 Watt CO 2 laser. The liberated O 2 gas was converted to CO 2 by reaction with hot graphite. CO 2 gas was analyzed on a VG Prism II gas ratio mass spectrometer. Two different standards were run to evaluate accuracy and precision of the laser system: GMG2 and USC-Ep1. GMG2 is a well-characterized garnet standard with an accepted value of 5.8ù . GMG2 was analyzed as the standard for ®ve analytical sessions and yielded an average d 18 O value of 5.76¡0.33ù (n=28). The standard deviation on any given day averaged 0.16ù. For the seven other analytical sessions, USCEp1 was used as the standard. USC-Ep1 is an`in house' epidote standard that has an accepted d 
RESULTS

Values of d
18 O for the 47 samples are reported in Table 3 and plotted in Fig. 9 . Values from distinct sub-volumes of a single hand samples in some cases show virtually no difference (e.g. LMM-1, -2 & LMT Coarse-1, -2, -3) whereas in other samples signi®cant differences are observed (LMM96-0-1, -2, -3, -4; AF-b-1, -2, GSHPa & b; and GSHP8a & b) . Isotopic homogeneity of minerals on the hand sample scale was not always established. Among the ®ve`replicate' analyses conducted on quartz, two vary from each other by less than the analytical precision (0.01 & 0.16ù) and three vary from each other by 0.44 to 1.0ù. Thus in some cases, material comprising the sub-volume is isotopically homogeneous (e.g. sample LMM & LMT Coarse) and in others (e.g. GSHP & GSPH8) it is not.
Values of d 18 O for 25 spatially associated quartz and magnetite pairs are plotted vs. one another in Fig. 10(a) as are the isotherms for the quartz±magnetite fractionation determined by Chiba et al. (1989) and the corresponding temperatures. Whether these D Qtz-Mag values represent equilibrium fractionations and can thus be used to infer temperature is a critically important question. Eiler et al. (1995) analyzed two samples of LMG using both conventional¯uorination and ion microprobe techniques, and used Fast Grain Boundary diffusion modelling to assess the nature of retrograde re-equilibration of oxygen isotopes in high-grade metamorphic rocks. They demonstrated that if the LMG samples underwent granulite facies metamorphism such that oxygen isotope compositions were completely equilibrated on the hand sample scale at 750 uC, and subsequently were slowly cooled, then measured oxygen isotope compositions are best explained in terms of closed system interdiffusion in one sample and water-hosted retrogression in the other.
At the time that Eiler et al. (1995) conducted their investigation, existing U±Pb zircon geochronology indicated that the intrusion of the LMG was synchronous with granulite facies metamorphism (Chiarenzelli & McLelland, 1991) . However, as discussed above, more recent U±Pb zircon geochronology using SHRIMP techniques, combined with studies of textures and ®eld relations suggests that the LMG intruded during the waning stages of granulite facies metamorphism (McLelland et al., 2001) . This raises the possibility that the LMG samples may not have undergone complete oxygen isotope equilibration at 750 uC during a long-lived and intense granulite facies metamorphism, followed by slow cooling. If the LMG did undergo thorough oxygen isotope equilibration at 750 uC (i.e. granulite facies metamorphism) and slow cooling, then our oxygen isotope compositions (Table 3 ) and mineral fractionations do not re¯ect equilibrium, and instead re¯ect retrograde re-equilibration as described by Eiler et al. (1995) .
If, however, the LMG was intruded late enough in the metamorphic evolution of the Adirondack Mountains such that oxygen isotope compositions re¯ect processes related to magmatic crystallization and hydrothermal alteration, then evidence for this should be present in the isotopic systematics. Excluding two quartz±magnetite pairs that plot well away from the other 23 pairs (Fig. 10a) , quartz±magnetite fractionations show a bimodal distribution: one group has an average D Qtz-Mag =7.12¡0.22ù (n=10) and the other group has an average D Qtz-Mag =8.24¡0.24ù (n=12). No simple lithological correlations are observed between the two groups. Taken together, temperatures for both groups range from c. 675 to 565 uC. We interpret this to re¯ect the range of temperatures at which metasomatism associated with intrusion of the LMG produced quartz±albite rocks, magnetite ores and quartz±sillimanite nodules.
We recognize that the data cannot be proven to re¯ect isotopic equilibrium and thus provide information on temperature. Ion microprobe data on magnetite from a number of localities in the Adirondacks suggests that isotopic zonation, due to retrograde re-equilibration during cooling, may be commonplace (Valley & Graham, 1991 Eiler et al., 1995; Sitzman et al., 2000) . However, temperatures indicated by quartz±magnetite fractionations are consistent with petrological constraints for the quartz± sillimanite nodules, which must have formed in the sillimanite stability ®eld. Further, Nabelek (1997) showed that similar quartz±sillimanite segregations from the Black Hills, South Dakota, formed at c. 650 uC.
Oxygen isotope systematics of quartz and sillimanite from ®ve quartz±sillimanite nodules are shown in Fig. 10(b) along with lines of constant D Qtz-Sil . Petrographic analysis of the nodules indicates that most are characterized by distinct mineral zones, with quartz concentrated on the outside of veins, and sillimanite concentrated in the centre indicating sequential rather than synchronous precipitation. Thus textures indicate that they are not likely to be in isotopic equilibrium with each other and a range of D Qtz-Sil values, from 0.22 to 2.47ù, is observed (Fig. 10b) . The range in D Qtz-Sill values is interpreted to indicate that quartz and sillimanite in each nodule were precipitated sequentially from a¯uid whose composition may have evolved somewhat over time.
The oxygen isotope composition of water in equilibrium with quartz in leucogranitic LMG sub-units at temperatures derived from coexisting quartz and magnetite d
18 O values range from 9 to 13ù (using Matsuhisa et al., 1979) . The widespread nature of the sodic alteration and other metasomatic features associated with LMG is interpreted to indicate that surface-derived¯uids, which could have existed in suf®ciently large volumes, were responsible for the extensive hydrothermal alteration. At Grasshopper Hill, water d 18 O values in equilibrium with quartz in quartz±sillimanite nodules range from 3.5 to 4.5ù. These values are distinctly lower than those indicated for the other quartz±sillimanite nodules, and are suggestive of involvement of meteoric or surface-derived¯uids. However, a de®nitive interpretation awaits more detailed analyses of additional nodules and associated granites from Grasshopper Hill.
FLUID INCLUSIONS Methods
Fluid inclusion microthermometric studies were performed on doubly polished chips using a Fluid, Inc. USGS-design heating-cooling stage. Except for mixed H 2 O+CO 2 inclusions, heating runs on individual samples were performed prior to freezing runs to inclusion stretching by freezing of ice (Lawler & Crawford, 1983) . All quantitative analyses reported were taken from quartz. Well-formed, regular¯uid inclusions were selected for analyses. Data was recorded only for inclusions in which phase changes could be reproduced within ¡1.0 uC, and in most cases phase changes were reproducible within ¡ 0.1 uC. Fluid inclusion properties were also studied by crushing small (c. 0.5±2 mm gross diameter) quartz fragments in kerosene using the techniques described by Roedder (1986) .
Fluid Inclusion Analyses
Fluid inclusions in the samples occur in isolated sets and planar arrays of two-phase (L+V) H 2 O-rich and CO 2 -rich inclusions that cross quartz grain boundaries (Fig. 11a) . These inclusions are commonly regular to sub-elongate in form, and lie along healed fractures in quartz. Isolated patches of H 2 O+CO 2 inclusions (Fig. 11b ) occur in clusters with constant H 2 O/CO 2 and are estimated to contain 20±40% by volume CO 2 vapour. When quartz fragments containing¯uid inclusions are crushed in kerosene (Roedder, 1986) , CO 2 -rich inclusions emit a bubble that expands rapidly, whereas the vapour bubbles in H 2 O-rich inclusions collapse.
Microthermometric Analyses
H 2 O-rich inclusions
H 2 O-rich inclusions showed consistent homogenization behaviour on heating, and most formed glassy ice at c. x 50 uC. KVD-2 inclusions showed anomalous freezing behaviour. On warming, H 2 O-rich inclusions formed a eutectic of water ice, hydrohalite and¯uid at c.x32 to x28 uC. On further warming, water ice persisted in all water-rich inclusions; with ®nal ice melt temperatures shown in Table 4 .
Final ice melt temperatures indicate salinities in the range of 18±24% NaCl equivalent for most inclusions except for a solitary inclusion of much lower salinity (1.0% NaCl) in sample AF-95-A3.
CO 2 -rich inclusions
Upon cooling, CO 2 -rich inclusions formed a solid at temperatures very near the theoretical pure CO 2 critical point of x56.6 uC, indicating that only very minor amounts of other gases (N 2 , CH 4 ) were present in these inclusions. A liquid±vapour boundary formed on warming from the solid, and homogenization generally took place at temperatures in the range 14.5±20.9 uC. H 2 O+CO 2 inclusions H 2 O+CO 2 inclusions have typical`bubble in bubble' appearance. Seven inclusions in two samples were suf®ciently large to permit observation of phase changes on heating and cooling. On cooling, the liquidsolid phase transition occurred abruptly in the range T=x56.6 to x58.9 uC, again suggesting that little N 2 or CH 4 were present. On further cooling, water formed dark, glassy ice in the range T=x80 to x 100 uC. On warming, carbon dioxide solid melted to reform a liquid plus vapour at T=x56 to x 58 uC, and granular solids were observed at T=x50 to x 45 uC, apparently the approximate eutectic temperature. Final water ice melt occurred in the temperature range T=x8.7 to x 11.2 uC, corresponding to 12.5±16.4% NaCl equivalent. Clathrate melting occurred in the temperature range T=2.2±3.1 uC, and CO 2 homogenization in the temperature range T=17.2±19.8 uC. On heating, four of eight H 2 O+CO 2 inclusions decrepitated in the temperature range T=290±320 uC. The remaining four inclusions homogenized in the range T=278±291 uC.
The composition of the¯uid inclusions in quartz from quartz±sillimanite veins at the Lyonsdale Falls localities (LB and AF samples) suggests that the original¯uid that interacted with the host granite was a miscible H 2 O+CO 2 +NaCl¯uid that subsequently unmixed during cooling to form secondary inclusions of H 2 O+NaCl and CO 2 . This process has been called upon for similar sets of end-member and mixed inclusions in metamorphic rocks (e.g. Stout et al., 1986) . Water ice and clathrate melting temperatures for the mixed H 2 O+CO 2 inclusions suggest salinities in the range 11±13% NaCl equivalent, while the H 2 O-rich inclusions indicate salinities of 19±21% NaCl equivalent, very near halite saturation for pure NaCl solutions. Importantly, the¯uids in the system were rich in chloride ion, and possessed the potential to transport metals as metal-chloride complexes.
DISCUSSION AND CONCLUSIONS
Hydrothermal activity occurred to varying degrees throughout the known outcrop area of the LMG (Fig. 2 ) that, at a minimum, represents 10±15% (c. 2000±3000 km 2 ) of the Adirondack Highlands. Within this area, 40±45% of the LMG exhibits sodic alteration with approximately half of these rocks consisting of the quartz±albite sub-unit (Postel, 1952) . The regional scale of this sodic alteration system makes dominantly magmatic¯uids improbable. More likely regional¯uids were saline brines that originated at the surface and became part of hydrothermal systems driven by the LMG plutons (cf. Barton & Johnson, 1996; Battles & Barton, 1995) . Such¯uids are broadly consistent with oxygen isotope compositions of LMG and associated magnetite-rich rocks and ores (Table 3 , Figs 9 & 10) and could account for widespread sodic metasomatism and magnetite deposition. Chlorine in the regional¯uids would complex with iron scavenged from country rock and transport it readily to sites of ore deposition. Sodium carried in the evolved brines would ultimately result in albitization discussed earlier. Hydrothermal cells in the system must have been largely restricted to areas of the LMG plutons, since anhydrous granulite facies assemblages are preserved in older rocks (Valley et al., 1990 ) and show only low temperature alteration (Morrison & Valley, 1988) .
The interaction of the LMG plutons with evolved, surface-derived brines raises petrological problems. Although no geobarometry currently exists for any LMG sub-unit, a number of investigations (e.g. Bohlen et al., 1985) provide strong evidence that older country rocks experienced pressures on the order of 6.5±8 kbar during the c. 1090±1030 Ma Ottawan Orogeny. This implies depths of equilibration far deeper than those to which surface-derived waters are thought to penetrate. The apparent contradiction is resolved if the recorded pressures in country rocks were quenched in during late orogenic, delamination-related rapid uplift to depths < c. 10 km as proposed by Foose & McLelland (1995) and by McLelland et al. (1996 McLelland et al. ( , 2001 . Analogous unroo®ng at c. 1090±1040 Ma has been documented in similar, along-strike rocks to the north in the Shawinigan domain south-west of Quebec (Corrigan & van Breemen, 1996) . The P±T conditions inferred from the latest CO 2 ±H 2 O±NaCl¯uid unmixing event (i.e. 250 uC, 1 kbar), if related to this buoyant uplift event, suggest relatively high geothermal gradients (c. 70 u km x1 ) consistent with rapid uplift of the orogen. A relatively shallow level of emplacement of the LMG is also suggested by the leucogranite's hypersolvus, one-feldspar mineralogy despite the fact that it exhibits the effects of hydrothermal activity including copious pegmatites and quartz veins. This is because the solidus in the alkali feldspar-silica-H 2 O system lies above the solvus dome at P H 2 O <c. 4 kbar (Tuttle & Bowen, 1958; Luth et al., 1964) . A similar explanation can be extended to the apparent lack of widespread, coeval anatexis in associated country rock.
Alternatively, the lack of anatexis may be related to the low activity of H 2 O in dense saline brines (Newton et al., 1998) .
Quartz±sillimanite nodules in the LMG leucogranite are much more localised features and require leaching action by acidic¯uids at high temperature. Under such conditions any acidic¯uids are most likely to be magmatic in origin (Heald et al., 1987; Hemley & Jones, 1964; Giggenbach, 1997; Reed, 1997) . Even so, their acidity will be reduced due to increased association between hydrogen and ligands at elevated temperatures, but this effect will be partly offset by high pressure and¯uid density (Seward & Barnes, 1997; Newton et al., 1998) . In addition, the fact that the leucogranites at Lyonsdale and Agers Falls (Table 2) are peraluminous (A/CNK=1.23±1.4) enhanced their ability to produce acidic¯uids even at high temperatures (Barton et al., 1991) . Collection of such¯uids in the leucogranitic pluton would likely have taken place in the¯uid-saturated apical zone beneath the carapace (Lowenstern, 1994; Shinohara et al., 1995) located at depths corresponding approximately to the self-sealed zone or brittle-ductile transition of Fournier (1999) . Presumably the¯uids would be saline, supercritical, highly corrosive, and at lithostatic pressure. Episodic magma pulses resulting in rapid strain rates would displace the brittle-ductile transition downward causing fracturing and the sudden release of HCl-rich magmatic¯uids (Webster & Holloway, 1990 ) to lower and perhaps even hydrostatic pressures, thus leading to further crystallization of the magma (Fournier, 1999) . Prior to release, these¯uids would be at equilibrium with feldspar in the magma. Subsequent to release, they would move into contact with cooler, solidi®ed leucogranite of the carapace with which they would no longer be in equilibrium and would therefore proceed to strip feldspar of alkali cations while still within the sillimanite ®eld of stability (Hemley & Jones, 1964; Hemley et al., 1980; Wintsch, 1975; Burnham, 1979 Burnham, , 1997 Giggenbach, 1997; Nabelek, 1997) . Adiabatic expansion and conductive cooling of the¯uids might also result in the formation of an acidic liquid phase with increased dissociation of HCL and more aggressive leaching of alkalis (Fournier, 1999) . Although the ultimate origin of the acidity remains uncertain, evidence is consistent with its presence as well as with a magmatic source. Given the evidence regarding the quartz±sillimanite segregations, we suggest that, following an initial pulse of magmatism, the outer margins of the LMG leucogranite crystallized into a wholly, or largely, solid carapace capable of supporting fracture in response to brief, high strain rate events including new magma pulses or faulting (cf. Fournier, 1999; Gillis & Roberts, 1999) . Acidic, chlorine-rich hydrothermal¯uids, principally of magmatic origin, moved into this developing plumbing system and leached alkali cations from feldspar thereby yielding quartz±sillimanite veins. Either in response to magma pulses, to tectonic strains, or to both, the vein-riddled carapace underwent ductilē ow resulting in disruption of the veins into nodules that became increasingly ellipsoidal and oriented in the transport direction as¯ow progressed. A second rapid strain rate event resulted in a new set of oriented fractures, and hot acidic¯uids leached alkalis from the fracture walls while leaving short-travelled quartz± sillimanite residues behind. Continued ductile strain resulted in disruption of the new vein set into blocky nodules that were rotated into the N20E direction while the earlier generation rotated into their ®nal N50E orientation. The highly ductile strain indicated in the leucogranite during these events, as well as the lack of any preferred grain-shape fabric, suggests that disruption took place at near-solidus temperatures and possibly in the presence of a small component of melt. A ®nal pulse of leucogranite magma emplaced into sinistral N35W shear zones gave rise to dykes such as that in Fig. 3(d) . This event graded into N35W pegmatites and large quartz veins that crosscut all other features and are essentially undeformed. Interestingly, these pegmatites and quartz veins contain signi®cant quantities of sillimanite and appear to have been related to the hydrothermal uids responsible for the veins and nodules discussed above.
